ABSTRACT. Peritubular cells that surround the seminiferous tubules have been shown to produce a paracrine factor, termed P-Mod-S, that has dramatic effects on Sertoli cell function in uitro and is postulated to be important in the control of testicular function. The current study was designed to determine whether P-Mod-S has the ability to regulate Sertoli cell function during pubertal development. Sertoli cells were isolated from 10-, 20-, and 35-day-old rats which correspond to the prepubertal, midpubertal, and late pubertal stages of development. Histochemical analysis of cultured cells isolated from each age group was performed to establish the purity of the cell populations used. Testicular transferrin production by Sertoli cells was used as a marker of cellular differentiation. Basal production of transferrin by the cultured cells was found to increase during the pubertal period. P-Mod-S stimulated transferrin production by Sertoli cells isolated from 10-, 20-, and 35-day-old rats. FSH appears to enhance the ability of Sertoli cells to respond to PMod-S with cells obtained from 10-day-old rats. Sertoli cells from 35-day-old rats were nonresponsive to regulatory agents such as FSH. P-Mod-S alone, however, significantly stimulated transferrin production by Sertoli cells from this more adult stage of development. P-Mod-S was the only individual regulatory agent tested that could stimulate transferrin production by Sertoli cells from 35-day-old rats. Results indicate that P-Mod-S has the ability to regulate Sertoli cell function throughout pubertal development. Observations suggest that P-Mod-S and FSH may act together in the prepubertal testis to promote Sertoli cell differentiation and that P-Mod-S may act in the adult testis to maintain optimal Sertoli cell function and differentiation. (Endocrinology 129: [353][354][355][356][357][358][359][360]1991) 
T HE PROCESS of spermatogenesis occurs within the seminiferous tubules of the testis and requires the cooperative functions of several different cell types. Peritubular myoid cells are a stromal/mesenchymal cell type that surrounds the tubule and provides structural support to the epithelium (1) . Sertoli cells are the epithelial cell type that form the tubule and support germ cell development. Tight junctions between adjacent Sertoli cells prevent circulating nutrients from having access to germ cells which are sequestered within this bloodtestis barrier. Substances secreted and transported by Sertoli cells, therefore, are required to maintain normal germ cell development (2) . An example of such a protein synthesized and secreted by Sertoli cells is testicular transferrin, which is postulated to deliver iron to developing germ cells (3) . Transferrin production provides an index of the functional integrity and hormone responsiveness of Sertoli cells in uitro (4) and has been used to investigate the regulation of Sertoli cell function by hormones, vitamins, growth factors, and locally produced paracrine factors (4) (5) (6) (7) (8) . These investigations assist in the identification of factors involved in the regulation of Sertoli cell function.
The potential importance of local regulation of testicular function was suggested when testicular peritubular cells were shown to produce a paracrine factor, termed P-Mod-S, that modulates Sertoli cell function (9, 10) . The peritubular cell-Sertoli cell interactions mediated by P-Mod-S provide an example of a regulatory-type interaction involving mesenchymal and epithelial cell types in the testis (11) . P-Mod-S has been purified and exists in two functionally related forms, P-Mod-S (A) and PMod-S (B) (12) . The two purified proteins have similar apparent biological activities (12, 13) . Androgen treatment of peritubular cells results in an apparent increase in P-Mod-S production (9, 14) , and the hypothesis has been proposed that Leydig cells, under the influence of LH, secrete androgens which stimulate the peritubular cells to secrete P-Mod-S, which subsequently modulates Sertoli cell functions important for the process of spermatogenesis. The paracrine factor P-Mod-S stimulates 20-day-old rat Sertoli cell function in vitro, including transferrin production, to a greater extent than any other Normal Sertoli cell function is known to be crucial for the maintenance of spermatogenesis during pubertal development and in the adult. The experiments presented were designed to evaluate the effects of P-Mod-S on Sertoli cell function at various stages of pubertal development. Contamination of Sertoli cell preparations by peritubular cells could alter the interpretation of the results; therefore, studies were included to investigate the purity of the Sertoli cell preparations used.
Materials and Methods

Cell preparation and culture
Sertoli and peritubular cells were isolated from the testis of rats 10, 20, and 35 days of age, using protocols approved by the Vanderbilt University Animal Care Committee. Sertoli cells were isolated by sequential enzymatic digestion (15) , including trypsin, collagenase, and hyaluronidase, with a modified procedure previously described (16) . With 10-day-old rats, short, low slow speed centrifugations (20 X g) were required to sediment Sertoli cells between enzymatic treatments and washes. Cells were plated at approximately 5 X 10 5 cells/well. Peritubular cells were obtained from the collagenase digestion supernatant of the testicular cell preparation as previously described (12) . The cells were collected by low speed centrifugation, resuspended, and plated at approximately 1 X 10 5 cell/well. Cells were maintained at 32 C in a 5% CO2 atmosphere, with medium changes every 48 h. Sertoli cells were maintained in Ham's F-12 medium supplemented with 0.01% BSA, and peritubular cells were maintained in medium with 10% newborn calf serum (Hazelton, Denver, PA). In some experiments, the cells were cultured with one or more regulatory agents, including FSH (National Pituitary Agency, Baltimore, MD; 100 ng/ ml), insulin (5 /ig/ml), retinol (0.35 AIM), and testosterone (1 HM). Where indicated, cells were treated with peritubular cellsecreted proteins (PSP) at a concentration of 50 ng protein/ ml, or P-Mod-S (A) or P-Mod-S (B) at a minimal concentration of 25 ng protein/ml. Unless stated otherwise, treatments were initiated at the time of plating and maintained until the times stated in Results.
P-Mod-S preparation
P-Mod-S was purified from concentrated peritubular cell serum-free conditioned medium as previously described (12) . Briefly, freshly collected peritubular cell serum-free conditioned medium was treated with 25 nM phenylmethylsulfonylfluoride and 0.1 mM benzamidine, and then centrifuged at 6000 X g for 30 min at 4 C to remove cell debris. Conditioned medium was concentrated 100-fold by ultrafiltration with an Amicon system (Amicon Corp., Lexington, MA), using a membrane with a 3000 mol wt exclusion limit. An ammonium sulfate precipitate of this concentrated conditioned medium was applied to a size exclusion HPLC column. The active peak, determined by bioassay of Sertoli cell transferrin production, was collected and applied to a heparin-Sepharose affinity column. Bound proteins were eluted with a high salt buffer, applied to two successive C 4 reverse phase columns, and eluted with acetonitrile. Purified forms of P-Mod-S were stored at -70 C before use in the presence of 1 mg/ml BSA. The purity of PMod-S preparations was determined chromatographically and electrophoretically, as previously described (12) .
Histochemistry
Cells were plated in 1-ml multiwell dishes over plastic coverslips (Thermanox, 15 mm round; Lux, Vangard, Neptune, NY). Optimal cell counts were obtained when the Sertoli cells were plated at approximately 1 X 10 5 cells/well and peritubular cells were plated at approximately 0.5-1.0 X 10 5 cells/well. Spermatozoa were stained according to the method of Berg (17) .
Desmin histochemistry was performed by using an immunoperoxidase technique previously described (18) . Briefly, cells were fixed with cold methanol, postfixed with 0.3% H2O2 in methanol, and incubated in 1% horse serum to reduce nonspecific binding. Subsequent incubations included mouse monoclonal antidesmin (1:100), biotinylated horse antimouse immunoglobulin G (IgG; 1:250), and Vectastain ABC reagent (Vector, Burlingame, CA), followed by a short incubation with the diaminobenzidine peroxidase substrate. Rinsed cells were then counterstained with Gill's hematoxylin, rinsed with tap water, dehydrated with graded ethanol solutions, cleared with xylene, and mounted using Permount (Fisher Scientific, Pittsburgh, PA). Desmin-positive cells are stained brown.
a-Smooth muscle isoactin (sm-isoactin) was immunohistochemically localized using a method described by Tung and Fritz (19) . Briefly, cultured cells were fixed with ice-cold methanol for 10 min and rinsed with PBS. This was followed by successive incubations with 3% BSA-PBS to reduce nonspecific binding, anti-asm-isoactin (mouse monoclonal antibody, 1:100 in 0.03% BSA-PBS; Sigma Chemical Co., St. Louis, MO), and the fluorescein-conjugated affinity-purified F(ab)' 2 fragment of sheep antimouse IgG (1:50 in 0.03% BSA-PBS; Sigma). The cells were washed extensively between incubations with 0.05% Tween-PBS and mounted on a glass slide using 50% glycerolwater. A microscope (Olympus T041, SIMI, Birmingham, AL) equipped with phase contrast optics, an epifluorescence condenser, and a fluorescein filter was used to observe and count the cells.
Transferrin RIA
Transferrin production by Sertoli cells was assayed by a modification of a RIA previously described (4) . An aliquot of the culture medium was incubated with rabbit antirat transferrin antibody (Cooper Biomedical, Malvern, PA) and iodinated transferrin for 1 h at 37 C, followed by a 1-h incubation with sheep antirabbit IgG antibody. Complexed antibody was then precipitated with polyethylene glycol (Sigma) and pelleted by centrifugation, and radioactivity in the pellets was determined.
DNA and protein assays
DNA was measured fluorometrically with ethidium bromide (20) , as previously described (12) . An aliquot of the sonicated cell suspension was added to an equal volume of ethidium bromide solution (0.25 mM ethidium bromide, 100 U/ml hepa-rin-20 mM sodium chloride, 5 mM EDTA, and 10 mM Tris, pH 7.8; Sigma), diluted 1:2, and allowed to incubate at room temperature for 30 min. Fluorescent emission at 585 nm with 350 nm excitation was then monitored. A standard curve with calf thymus DNA was used to quantitate DNA levels in the culture wells. This assay has a sensitivity of approximately 0.1 ng DNA. The total protein concentration was measured according to the method of Bradford (21) .
Results
Purity of Sertoli cell cultures
Peritubular cell contamination of Sertoli cells maintained in vitro is a variable to consider in examination of P-Mod-S actions. Therefore, the purity of Sertoli cell preparations for each age group was investigated. Previous studies identified desmin as a useful marker of peritubular cell contamination in cultured Sertoli cells obtained from 20-day-old rats (18) . sm-Isoactin is another cytoskeletal protein previously identified and characterized in cultures of peritubular cells that has no detectable staining in pure Sertoli cell preparations (19) . These two cytoskeletal proteins were used to cytochemically assess the purity of Sertoli cell cultures from 10-, 20-, and 35-day-old animals ( Table 1) . Optimal histochemical analysis was obtained on day 5 of culture for desmin and on day 2 of culture for sm-isoactin. In 20-day-old Sertoli cell preparations, less than 1% of the cells were stained desmin positive, and approximately 2% of the cells were positive for sm-isoactin. In 35-dayold rats, 2% of the cells in the Sertoli cell preparation stained positive for desmin and sm-isoactin. In the 10-day-old preparations, 40% of the cells in the Sertoli cell preparation stained positive for desmin, and 46% of the cells stained positive for sm-isoactin. These data indicate a relatively high level of contaminating peritubular cells in Sertoli cell preparations from 10-day-old rats. In all subsequent data analysis, the DNA value for 10-day-old Sertoli cell preparations was adjusted to eliminate the peritubular cell component of the in vitro preparation. The presence of the peritubular cell contamination will be a variable to consider in data interpretation.
The 10-, 20-, and 35-day-old Sertoli cell preparations were also evaluated for germ cell contamination using the Berg stain for spermatozoa (Table 1) (17) . After culture, spermatozoa stain a distinctive bright red, while Sertoli cells and peritubular cells are stained a pale pinkpurple. Germ cell contamination of Sertoli cell preparations from 20-day-old rats was 4%, and it was slightly higher (9%) in preparations from 35-day-old rats. These data indicate the percentage of germ cells contaminating the Sertoli cell preparations after 5 days of culture.
Regulation of transferrin secretion by Sertoli cells throughout pubertal development
The effect of culture duration on the basal and stimulated levels of transferrin produced by Sertoli cells isolated from 10-, 20-, and 35-day-old rats is shown in Fig. 1 . Data were normalized for cell number with DNA obtained at the time the medium was harvested for assay and for the number of days the protein had accumulated in culture (nanograms of transferrin per /ug DNA/day). In Sertoli cells isolated from 20-day-old rats, basal levels of transferrin secreted by cells were similar throughout the 2-to 6-day culture period. When the cells were treated with a combination of regulatory agents known to stimulate transferrin production (FSH, insulin, retinol, and testosterone, termed FIRT), higher levels of transferrin were obtained, which were maintained during days 4-6 of culture (Fig. IB) . Cells isolated from 10-dayold rats had similar basal levels of transferrin production for the entire 6-day culture period, while hormone treatment increased transferrin production during the 6-day culture period from 4 to 12 ng/^g DNA/day (Fig. 1A) . In Sertoli cells isolated from 35-day-old rats, the basal and stimulated levels of transferrin were similar throughout the 6-day culture period. Transferrin production increased from days 2-4 of culture and was maintained at high levels during days 4-6 of culture. In all three age groups optimal transferrin production occurred between days 4-6 of culture, and unless stated otherwise, media from days 2-5 of culture were collected and assayed for transferrin in subsequent experiments.
The regulation of transferrin production by cells isolated from the various stages of pubertal development is shown in Fig. 2 . The data are expressed as nanograms of transferrin per ng DNA/72-h collection on day 5 of culture. Basal and FIRT-stimulated levels of transferrin production were low in Sertoli cells isolated from 10-dayold rats. For Sertoli cells isolated from 20-day-old rats the basal levels of transferrin production were increased compared to those in prepubertal Sertoli cells. Midpub- ertal Sertoli cells treated with FIRT had levels of transferrin production similar to those of late pubertal Sertoli cells. Sertoli cells obtained from 35-day-old rats had high levels of transferrin production, greater than 10-fold higher than levels in 10-day-old rat Sertoli cells, and showed no further increase when treated with FIRT. These data imply that the basal level of transferrin secretion increases during pubertal development to an apparent maximum that is not stimulated by treatment with various regulatory agents.
Regulation of transferrin production by purified PMod-S and the crude mixture of PSP was investigated with Sertoli cells obtained from rats throughout the pubertal period (Fig. 3) . Due to the limited availability of purified P-Mod-S, PSP has been used to optimize experimental conditions for each set of experiments. Although P-Mod-S has been shown to be the only component in PSP to have major effects on Sertoli cell function (12), the possible presence of additional factors must be considered when examining the actions of PSP. As shown in Fig. 3 , Sertoli cells isolated from 10-day-old rats had levels of transferrin production that were substantially less than those of Sertoli cells prepared from 20-and 35-day-old rats. Treatment of 10-day-old rat Sertoli cells with FSH, FIRT, and P-Mod-S increased transferrin production significantly higher than control values (Fig. 3A) . Sertoli cells obtained from 20-day-old rats also responded to treatment with FSH, the combination of regulatory agents FIRT, crude PSP, or the purified forms of P-Mod-S, P-Mod-S (A), and P-Mod-S (B), with an increased transferrin production significantly higher than values in nonstimulated control cells (Fig. 3B) . These data indicate that transferrin production PModS AND PUBERTAL SERTOLI DEVELOPMENT by Sertoli cells can be regulated by hormones and PMod-S during the prepubertal and midpubertal stages of development.
The possibility that P-Mod-S may act in conjunction with FSH in the prepubertal animal was investigated. Sertoli cells were treated for the first 2 days of culture with FSH, then P-Mod-S treatments (crude or purified forms) were initiated on day 2 and continued until day 5 of culture. Cells pretreated with FSH responded to PSP and P-Mod-S (A) with a greater than additive stimulation of transferrin production (Fig. 4) . The duration of the FSH treatment (2 us. 5 days) did not alter the level of transferrin secreted (data not shown). Therefore, cells pretreated with FSH and then treated with P-Mod-S or cells cotreated with FSH and P-Mod-S gave the same results. These data indicate that FSH and P-Mod-S may cooperate in the regulation of transferrin production in Sertoli cells isolated from prepubertal 10-day-old rats.
Sertoli cells obtained from 35-day-old rats had high basal levels of transferrin production that could not be increased by treatment with FSH, FIRT, or the purified forms of P-Mod-S (Fig. 3C) . The crude preparation PSP did result in a small increase in transferrin production over control values that was not statistically significant. These data indicate that transferrin production is maintained at high levels in the more adult stages of development and may not be actively regulated by hormones. To extend these observations to Sertoli cells from 35-day-old rats, the culture period was increased from 5 to 9 days. Treatment with both the crude and the purified forms of P-Mod-S resulted in a significant increase in transferrin production over that by control cells (Fig. 5) . These data indicate that P-Mod-S may regulate Sertoli cell function in the adult animal. FIRT treatment re- suited in a small increase in transferrin production, which was due to maintaining control levels at the level observed on day 5 of culture and a small stimulation. FSH alone had no effect on either day 5 or day 9 of culture ( Fig. 5 ).
Discussion
The purpose of the current study was to investigate the regulation of Sertoli cells by P-Mod-S throughout pubertal development. The stages of testicular pubertal development used were from 10-day-old (prepubertal), 20-day-old (midpubertal), and 35-day-old (late pubertal) rats. At 10 days of age the Sertoli cells remain mitotically active (22) , and the blood-testis barrier (Sertoli cell tight junctions) has not yet formed (23, 24) . At this age the early stage spermatocyte is the most advanced germinal cell type present (23, 25) , and no lumen is present in the seminiferous tubules (24) . At 20 days of age, mitotic activity of the Sertoli cells has ceased, the Sertoli cell junctional complexes are functional, and lumen formation is complete. The most advanced germ cell at 20 days of age is the round spermatid. At 35 days of age, sperm cells have developed into fully formed spermatozoa, suggesting that Sertoli cell differentiation is complete. Assuming that the described morphological changes reflect maturational changes in Sertoli cell function, the focus of the current study was to investigate the regulation of Sertoli cells at these specific stages of pubertal development.
The paracrine factor P-Mod-S is produced by peritubular cells; therefore, the purity of Sertoli cell preparations with respect to peritubular cell contamination must be considered. Objective criteria to evaluate peritubular cell contamination in Sertoli cell preparations from 20-day-old rats have been established (18, 19) , and highly purified (>98%) preparations of Sertoli cells are routinely obtained. In preparations from 35-day-old rats contamination by peritubular cells was similar to that obtained with the 20-day-old preparations. By these histochemical criteria, peritubular cell contamination of Sertoli cell preparations from 20-and 35-day-old rats is low. However, Sertoli cell preparations from 10-day-old rats have a significant contamination by peritubular cells. This contamination may be related to the fact that at 10 days of age Sertoli cells lack tight junctions. Junctional complexes maintain cellular aggregates of Sertoli cells in the 20-and 35-day-old preparations, and when not present, as in the 10-day-old Sertoli cell preparation, the efficiency of removing the single cell peritubular cells from Sertoli cells by unit gravity is decreased. Alteration of the isolation procedure of Sertoli cells from 10-dayold rats will be needed to decrease peritubular cell contamination. It is possible that in the prepubertal rat, the histochemical phenotype of Sertoli cells is similar to that of peritubular cells. While this possibility is unlikely, it cannot be ruled out experimentally at the present time. Although Sertoli cell cultures from 10-day-old rats appear to contain a relatively high level of peritubular cell contamination, several interesting observations were made. In the current study the crude and purified forms of P-Mod-S increased transferrin secretion by Sertoli cells isolated from 10-day-old rats. The increase in transferrin production observed with P-Mod-S treatment was similar to that observed with FSH. The response to PMod-S may be partially masked by endogenous P-Mod-S from the peritubular cell contaminant. With this limitation considered, the current data suggest that Sertoli cells from 10-day-old rats have the ability to respond to P-Mod-S and that the response can be enhanced by prior treatment with FSH. The hypothesis that FSH and PMod-S may both be required for optimal initiation of Sertoli cell pubertal differentiation requires further investigation.
In Sertoli cell preparations from 20-day-old rats, basal transferrin levels were low, and cells responded to treatment with both hormones and the paracrine factor PMod-S by increasing transferrin levels. In Sertoli cells obtained from 35-day-old rats, the basal levels of transferrin were similar to those in Sertoli cells from 20-dayold rats under stimulated conditions. Germ cell number is increased in the whole testis of 35-day-old rats compared to that in a 20-day-old rat (25) , and germ cells can stimulate Sertoli cell function (26) (27) (28) (29) . Although germ cell contamination of Sertoli cell preparations obtained from a 35-day-old rats is slightly higher (9%) than that found in the 20-day-old rat preparation (4%), this margin of increase (25%) is not likely to account for the dramatic rise in basal transferrin levels (300%). Sertoli cells obtained from 35-day-old rats were nonresponsive to hormones or the purified forms of P-Mod-S during 5 days of culture. These data confirm previous observations that Sertoli cells from more adult stages of development are generally nonresponsive to hormones such as FSH (4, 5, (30) (31) (32) . Observations suggest that Sertoli cells have reached an optimal state of differentiation to support spermatogenesis that cannot be surpassed. Interestingly, however, when the culture period was extended from 5 to 9 days, both PSP and the purified forms of P-ModS caused a dramatic and significant increase in transferrin production by Sertoli cells from 35-day-old rats. Basal transferrin production was maintained during the extended culture period, which suggests that Sertoli cell function did not dramatically deteriorate. Treatment with FSH was not capable of eliciting an increase in transferrin production similar to that obtained with PMod-S. These data suggest that P-Mod-S has the ability to maintain and/or potentially regulate Sertoli cell differentiation and function in the more adult stages of development. P-Mod-S is the only individual regulatory agent tested that has an ability to influence late pubertal Sertoli cell function with regard to transferrin secretion.
Paracrine regulation of Sertoli cell function by P-Mod-S has been suggested as one of the many potential components involved in the maintenance of spermatogenesis. Observations indicate that both FSH and PMod-S may be important in the initiation of Sertoli cell differentiation at the onset of puberty. The current study also demonstrates that the functional secretory capabilities of the Sertoli cell increase during the pubertal period, and P-Mod-S can influence these cells. In the more adult stages of development, Sertoli cells appear to reach an optimal differentiated state, and the expression of gene products such as transferrin may not respond to regulatory agents such as FSH. P-Mod-S, however, appears to have the ability to regulate late pubertal Sertoli cells in vitro and may be important in maintaining the differentiated functional activity of Sertoli cells. Therefore, P-Mod-S has the ability to influence prepubertal, midpubertal, and late pubertal Sertoli cell function. During pubertal development the Sertoli cell undergoes a differentiation process such that a number of unique gene products {e.g. transferrin production) are induced to an optimal level of expression to support the continual process of spermatogenesis in the adult testis. The ability of agents such as FSH and P-Mod-S to have dramatic effects on these Sertoli cell functions directly reflects their potential to promote and maintain the differentiation of the cell. Therefore, P-Mod-S is postulated to be a differentiation factor for the Sertoli cell. More direct experiments to assess the actions of P-Mod-S on the production of transcription factors that can indirectly influence the expression of a number of gene products would test this hypothesis and are underway. Additional investigations are required to establish the relative importance of this paracrine factor in vivo.
